Abstract: A continuous flow process delivering key building blocks for a series of BCP modulator libraries is reported. A dynamically mixed flow reactor emerged as a pivotal technology in both synthesis and isolation phases enabling the processing of slurries and suspensions while maintaining high productivity
Introduction
The epigenetic biological network is orchestrated by several complex signalling pathways in which histone post translational modification plays a key role in encoding physiological and environmental stimuli and regulating chromatin architecture modifications. [1] Different proteins and protein complexes are directly or indirectly involved in transcription, replication and DNA repair processes, physically modifying histones (writers and erasers) or responding to specific histone marks (readers). [2] Among them, bromodomain-containing proteins (BCPs) have recently emerged as relevant therapeutic targets with potential applications in oncology and the treatment of neurological as well as inflammatory diseases. [3] Indeed, numerous compounds have been disclosed to modulate bromodomain-mediated protein-protein interactions thus demonstrating the drugability of new BCP family members.
[4] However, despite the intense medicinal chemistry exploration that has already provided several promising scaffolds, additional work is required to define novel privileged structures for developing into bromodomain modulators with improved specificity and potency. In this context, we have recently devised a straightforward, large scale production, of key building blocks 1 and 2 ( Figure 1) . [5] The flow procedure utilises a dynamically mixed reactor instrumental to the processing of slurries and suspensions at scale redefining, the generation of solids in flow, from a limitation into a designed in-line operation directed at improving the process safety and product quality. [6] A primary goal of this research is the rapid delivery of quantities of target compounds sufficient to support and sustain advanced medicinal chemistry programmes. Herein, along with detailed optimization of multi-gram scale synthesis of key intermediates 1 and 2, the synthesis of three lead development se-and reliability. Accordingly, the synthesis of common intermediates in flow were employed to further build a pyridazone-based library (36 compounds) aimed at improving lead compound potency and selectivity while further enabling structure-activity relationship studies of a new BCP modulator family. 
Results and Discussion

Process Development
In the first phase of the study, we focused our attention on the process modelling and optimization of compounds 1 and 2 aimed at developing scalable syntheses for their production. The selected approach to 1 and 2 entails two practical synthetic steps starting from a sulfuric acid-promoted deacylation of dehydroacetic acid (DAA, 3, Scheme 1). The resultant triacetic acid lactone (TAL, 1) is then reacted in a convergent process with a diazonium salt to form intermediate hydrazone 5 which is then directly submitted to an alkaline thermal rearrangement to yield target structure 2 (Scheme 1). Whereas this strategy ensures acceptable reaction yields and batch purities when executed at laboratory scales, it required comprehensive re-optimisation to overcome several processing and isolation issues which became apparent upon scale up. In order to meet the required process standards in terms of efficiency and safety each step in the synthesis of compound 2 was individually analysed and optimised. Scheme 1. Synthetic strategy adopted for the preparation of 4-hydroxy-6-methyl-2H-pyran-2-one (TAL, 1) and 1-(4-bromophenyl)-6-methyl-4-oxo-1,4-dihydropyridazine-3-carboxylic acid (2).
Deacylation of DAA (3) was initially performed as a batch process by dissolving the compound in 90 % H 2 SO 4 at a concentration of 3.7 M. The solution was then heated to 130°C for 15-30 min, cooled and poured into 2.5 volumes of ice water. The mixture was stirred vigorously for 10-15 min and the resulting suspension filtered and dried. Desired TAL product (1) was obtained in variable isolated yields ranging from 68 % to 80 %. We directed our initial evaluation efforts at appraising the impact of the sulfuric acid concentration and heating temperature on the resulting yield and product quality.
We immediately found that the amount of water present in the reaction mixture had a critical impact on product speciation (Table 1 , Entries [1] [2] [3] [4] [5] [6] [7] [8] [9] . The use of a higher water content changed the reaction outcome allowing two alternative products 6 and 7 to be isolated and characterised (Figure 2) . Consequently, symmetrical 3,5-dimethyl-4-pyrone (6) was recovered as the main component when performing the reaction in dilute (10 and 25 wt.-%), hot (> 100°C) sulfuric acid. A reduction in the percentage of water corresponded to an increase in the presence of desired lactone 1 and a decrease in the amount of 2,6-dimethyl-4-oxo-4H-pyran-3-carboxylic acid (7) formed (Table 1 , Entries 1-4). A simple trend was also determined for temperature; experiments demonstrated that a deviation from an optimal setting of 130°C translated to a decrease in yield and a requirement for prolonged reaction times (Table 1 , Entries 9-13).
However, the principal reason for low isolated yields was determined to be inefficiencies in the workup step. This was dem- 1  10  reflux  -> 90  --2  25  reflux  -90  --3  60  110  55  -18  28  4  75  130  --8  41  5  80  130  ---60  6  90  130  ---68  7  92.5  130  91  -9  79  8  > 95  130  94  -6 (1): 3,5-dimethyl-4-pyrone (6) and 2,6-dimethyl-4-oxo-4H-pyran-3-carboxylic acid (7).
onstrated by the significant differences between the final isolated and 1 H-NMR determined yields (Table 1 , Entries 7 and 8). Interestingly, we found no discernible decrease in the isolated yield at small scale when varying the volume of water used in the quench step nor when increasing the incubation time before filtration (Table 2 ; Entries 1-5). However, an increase in the amount of water used in the quench phase did translate to a beneficial effect on the quality of the precipitate produced. Using 7.5-10 volumes of water was found to be optimal producing a readily filtered, off-white, flocculent solid. By comparison, decreasing the amount of water used to quench the reaction had a negative impact with increasing scale and was found to produce a solid which rapidly agglutinated and became extremely difficult to filter and dry. This immediately became a process limiting issue as working reaction scales increased. We also noted the quench temperature required careful regulation; at elevated temperatures > 15°C, as generated by the very exothermic mixing, side reactions occurred which affected the yield and purity (Table 2 ; Entries 6 and 7). This was again particularly noticeable at higher reaction scales where appreciable off-gassing was noted. Off-gassing was presumably the result of product hydrolysis and subsequent decarboxylation (Table 2 , Entry 7).
We concluded from our explorative study that the use of concentrated (> 95 %) sulfuric acid and high temperature (130°C) were key reaction attributes leading to excellent conversion. Furthermore, accurate control of the quenching parameters like temperature and mixing efficiencies (including the amount of water) emerged as critical aspects in ensuring high isolated yield and contributed significantly to the overall suc- [a] Reaction conditions: DAA (3) (15 mmol, 3.7 M), H 2 SO 4 > 95 %, 130°C, 15 min. [b] The crude mixture was poured in iced water maintained at 0-5°C.
[c] The crude mixture was poured into ambient temperature water.
[d] Addition of the crude mixture to 5 volumes of iced water over 10 min, internal temperature reached 26°C.
cess of the process. Based upon these considerations, we envisaged gaining both operational safety and product processing benefits by implementing flow technologies, thus enabling gains in terms of containment, heat transfer (exotherm control) and improved mixing in both the synthetic and quenching steps. We therefore investigated the use of a dynamically mixed flow reactor selected for its ability to handle suspensions (Figure 3) .
[7] Figure 3 . The AM Technology Coflore® ATR. The reactor has ten interconnected tubes with a total reactor volume of 1 L. All pipes are equipped with an internal dynamic mixer which generates a turbulent flow stream through lateral shacking.
Scheme 2. Continuous flow set up for the synthesis and isolation of TAL (1). Accordingly, after demonstrating the prolonged stability of the DAA (3) starting material in H 2 SO 4 (> 95 %) at ambient temperature, a 2 M stock solution was prepared and pumped using a Vapourtec E-series module into two parallel configured polar bear flow synthesisers [8] equipped with PTFE coil reactors (volume 52 mL, temperature 130°C) (Scheme 2). The outflows from the twin reactors (8 mL/min) were combined at a Teflon™ Tpiece and the stream directed into the first chamber of the Coflore ATR reactor (volume 100 mL, agitator frequency 4 Hz, temperature 5-10°C). A secondary input of water (10°C, delivered at 60 mL/min equating to 7.5 volumes) was added at right angles via a side arm connector of the first Coflore agitated chamber. The precipitate that formed was processed through the agitated reactor and dispensed onto a glass-sintered vacuum suction plate to facilitate filtration. The process was run continuously with periodic removal of the filtered material delivering very high productivity (116 g/h dry mass, 96 % yield). Consequently, while minimizing the safety issues of handling concentrated sulfuric acid, the devised flow configuration also ensured a nearly quantitative recovery of TAL which was easily isolated by filtration as an off white, fine powder.
Our next challenge was optimization and scale up of the synthesis of pyridazone 2 (Scheme 1). The selected approach involved a multi-step sequence using a base-catalyzed addition of lactone 1 (0.2 M) to a fleshly prepared aryl diazonium salt 4. In batch, the resulting suspension was heated at reflux for 3 h to promote intramolecular cyclisation to rearranged hydrazone 5. The dark red homogeneous mixture thus obtained was treated with activated charcoal and filtered. The filtrate was then acidified with concentrated HCl which induced precipitation of final product 2. Again, performing this sequence at scale gave rise to several problems mainly related to processing times and safety.
For example, the initial coupling reaction (1 + 4 → 5; Scheme 1) is strongly exothermic (mixing acid/base solutions) and therefore requires the dropwise addition of the diazonium salt solution resulting in prolonged reaction times. This was additionally problematic since certain diazonium salts proved unstable and degraded over time to yield varying amounts of the corresponding phenols. Reaction scale up also increased the necessary addition time and, as a consequence, gave higher levels of impurities. A further issue was found to involve the selection of the alkali carbonate base needed to promote the rearrangement. At scale, copious CO 2 evolution, combined with the insolubility of hydrazone intermediate 5, results in significant foaming with deleterious effects on mixing efficiency which further impacts reaction time. In response to these issues, we again designed a multistep flow process based upon the use of the ATR reactor due to its ability to process slurries and suspensions. The capabilities of this system enabled us to consequently take advantage of enhanced mixing and isothermal control offered by flow processing.
Diazonium Salt Coupling -4-Bromoaniline Exemplification
Diazonium species 4 was prepared in situ as follows: a solution of NaNO 2 in water (0.4 M) was mixed at a T-connector with 4-bromoaniline (0.33 M) dissolved in aqueous HCl (0.93 M) and the combined flow stream then progressed through a 20 mL coil reactor (Scheme 3). This simple flow configuration worked well over a wide range of temperatures (-10 to 25°C) delivering a continuous stream of desired diazonium salt 4 in quantitative conversion. The corresponding secondary input, a solution of TAL (1) was prepared by the addition of a substoichiometric quantity of K 2 CO 3 (0.65 equiv.) which proved efficient at solubilizing 1 in an aqueous media. The base also sufficiently raised the pH to catalyze the subsequent diazonium coupling step (1 + 4 → 5). Therefore, the streams of TAL (1) and diazonium salt 4 could be blended together within the confines of the first 100 mL ATR reactor chamber (maintained at room temp.). Intermediate 5 could be easily processed with dynamic mixing using a residence time of 10 min. The outflowing suspension, if required, could be continuously filtered thus allowing isolation of compound 5 in almost quantitative yield and with high purity as a fine yellow powder.
It is worth noting that, relative to the original batch procedure, these flow conditions are much milder. As a consequence, Scheme 3. Continuous flow set up for the synthesis and isolation of 1-(4-bromophenyl)-6-methyl-4-oxo-1,4-dihydropyridazine-3-carboxylic acid (2).
we encountered less degradation of intermediate diazonium 4 (phenol formation) thereby allowing its relative stoichiometry to be reduced (1.1 equiv., cf. 2.5 equiv. in batch). In addition, the CO 2 evolution and associated foaming issues that proved highly problematic at scale in batch, were also diminished thereby increasing the efficiency of the reaction.
Although the optimized conditions proved highly beneficial for the first derivatization stage, the subsequent intramolecular cyclization (5 → 2) required more basic conditions. Therefore a successive injection of K 2 CO 3 solution (1.5 M) was used to promote the conversion of hydrazone 5 to the final pyridazone 2. In the final configuration the flow of feed 5 was mixed with a solution of K 2 CO 3 (1.5 M) pumped at 5 mL/min. The combined flow stream was then processed through a further eight interconnected ATR chambers (temperature maintained at 85°C) corresponding to a total residence time of approx. 53 min (note this compares to 3 h in batch) (Scheme 3).
In batch, we found that isolation of final material 2 necessitated treatment of the crude product solution with activated charcoal followed by acidification and filtration of the resulting solid. However, it was determined that the charcoal cleanup step as well as being a laborious operation was significantly less effective at scale; the final material isolated was still often contaminated with a dark red oily residue which furthermore affected the filtration process. We thus decided to implement an on-line extraction using the final ATR reactor chamber. A flow stream of toluene pumped at 15 mL/min was added and the biphasic mixture then processed through the final 100 mL in a dynamically agitated tube (residence time 3.3 min). The outflow was then collected into a settling tank (1.2 L); an extraction line continuously removed the organic phase which was directed to waste. The lower aqueous fraction was periodically drained, acidified with HCl (37 %), and finally, filtered. The recovered pale tan solid was then dried under vacuum to yield desired pure product 2 in an overall 73 % yield. This multistep sequence had a productivity of 9.6 g/h.
Following the successful development of the flow process to prepare key building block 2 we used the same reactor configuration to generate a small derivative library (Figure 4 ). Pyranone 1 was therefore used as the starting material for the preparation of 13 additional compounds 8-14 characterised by different substituents at the phenyl moiety; all were isolated in good yield by means of acidification and filtration of the crude aqueous mixtures as described above. 
Library Construction
Our preliminary medicinal chemistry screening efforts had identified pyridazone framework 2 as a promising scaffold for evolution in a more advanced lead optimization study. In particular, its versatile structure was highly attractive due to its potential for late stage modifications providing different sites for chemical manipulation. Accordingly, we report here two exemplary lead development series (B and C, Figure 1 ) affording compounds for biological testing. It should be highlighted that library preparation was rapidly progressed due to the availability of bulk quantities of starting material 2 as furnished from the flow chemistry scale up described above.
The synthesis of the amide library B required the preliminary activation of the carboxylic acid moiety. This was easily achieved by treating compound 2 with 1,1′-carbonyldiimidazole (CDI) in MeCN for 1 h. The active amide was then mixed with desired amines and the reactions stirred overnight at ambient temperature. Several of the products precipitated thus allowing them to be directly filtered. Solids were then easily purified by two consecutive washings with MeCN and Et 2 O respectively. This simple work-up procedure led to the isolation of pure products 15-18, 20 in yields ranging from 42-77 %. In each case, additional materials could also be recovered by flash chromatography purification of the filtrates. Other compounds failed to precipitate and these products 19, 21-23 required direct silica column purification, but again, could be isolated in high yields. As depicted in Figure 5 , this synthetic method proved effective for a wide range of amines allowing for the synthesis of both aromatic and aliphatic amides with variable length side chains.
To gain additional insight in the structure-activity relationships of this new class of BCP modulators, and in line with Figure 5 . B series amide derivatives prepared starting from bulk-generated intermediate 2.
a generally adopted medicinal chemistry strategy, we further designed a series of constrained derivatives (C, Figure 1 ). In particular, to develop a better understanding of the influence of amide orientation on both affinity and selectivity, we endeavored to lock the -ketoamide moiety into a pyrazole structure. In this way, we achieved selective functionalization at the pyrazole N-1 position thus delivering additional samples (27-31, Scheme 4) with a defined hydrophobic side chain orientation.
The synthesis of the fused pyrazolo [4,3-c] pyridazine motif initially required the preparation of a more reactive thioxo ester derivative 25. Accordingly, after the esterification of starting material 2, new intermediate 24 was treated with Lawesson's reagent in toluene. For the preparation of aryl derivatives 27-28, resulting compound 25 was treated with different substituted hydrazines under microwave irradiation conditions at 150°C for 2 h (Method A, Scheme 4). Despite these forcing reaction conditions, only moderate conversions could be achieved. However, the efficiency and levels of automation derived from the use of a microwave synthesizer, resulted in a general reduction in processing time relative to the batch procedure. For example, an essentially identical yield was obtained when preparing derivative 28a by heating the reaction mixture at reflux albeit for 48 h.
Alternatively, benzyl and alkyl compounds 29-31 could be synthesized by initial condensation of thio derivative 25 with hydrazine in good overall isolated yields (Method B, Scheme 4). Subsequent N-functionalization of 26 with an alkyl bromide emerged as a valuable synthetic approach yielding example compounds 29-31 in moderate to excellent yields. The materials generated in this fashion could again be easily purified by column chromatography therein demonstrating the versatility of the scaffold to rapid and selective structural modification. All compounds generated herein have been submitted for extended biological evaluations as part of a wider European COST project initiative. [9] 
Conclusions
Over the last few years, approaches to modulating bromodomain-mediated protein-protein interactions have emerged as one of the most promising interventional tactics behind epigenetic therapies. The novelty and potential of these biological targets have stimulated intense research efforts yielding many promising results, particularly in oncology. However, given the multi-regulatory behaviour of various bromodomains and BCPs, the development of a comprehensive understanding of their physio-pathological role demands continuous development of new, potent and selective pharmacological tools. Accordingly, we have developed a multi-gram scale flow synthesis of several building blocks (1, 2, 8-14, Figures 1, 4) ; these building blocks were instrumental for the rapid synthesis of focused BCP modulator libraries. The use of flow chemistry technologies has strongly impacted the research outcomes in terms of time, cost and manpower. Indeed, the devised process has delivered sufficient benefits to justify the initial development efforts enabling the continuous production of large quantities of target compounds without additional scale-up and re-optimization studies. The large scale availability as well as the synthetic versatility of produced building blocks facilitated expeditious generation of a compound collection based on the pyridazinone scaffold (A-C, Figure 1 ). These new BCP modulators are specifically designed to provide insight into how hydrophobic moieties influence both their potency and selectivity. We are confident that assays of their bioactivity, combined with their chemical diversity, will contribute to our understanding of their structureactivity relationship and pharmacological profiles. Moreover the results of these efforts will support ongoing research efforts to better understand BCP biology and resulting therapeutic opportunities.
Experimental Section
Materials and Methods: All solvents were purchased from Fisher Scientific and used without further purification. Reagents were purchased from Alfa Aesar or Sigma Aldrich and used as received. Flow reactions were performed either with a Vapourtec (R-series and Eseries) or a Polar Bear plus Flow™ or AM Technology Coflore® modules equipped with standard PTFE tubing (3.2 × 1.5 mm, o.d. × i.d) and connectors.
1 H-NMR and 13 C-NMR spectra were recorded with a Bruker Avance-400 instrument and are reported relative to CDCl 3 (δ = 7.26 ppm and δ = 77.2 ppm respectively) or [D 6 ]DMSO (δ = 2.50 ppm and δ = 39.5 ppm respectively). Data for 1 H-NMR are reported as follows: chemical shift (δ/ppm) [integration, multiplicity, coupling constant (Hz)]. Multiplicities are reported as follows: s = singlet, d = doublet, dd = doublet of doublets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of doublets, t = triplet, q = quartet, m = multiplet, br. s = broad singlet. Data for 13 C-NMR are reported in terms of chemical shift (δ/ppm) and multiplicity (C, CH, CH 2 or CH 3 ). Data for 19 F-NMR were recorded using the above instrument at a frequency of 376 MHz using DMSO as an external standard. IR spectra were obtained with a PerkinElmer RX1 spectrometer (neat, ATR sampling) with the intensities of the characteristic signals being reported as weak (w, <51 % of tallest signal), medium (m, 51-70 % of tallest signal) or strong (s, > 71 % of tallest signal). Low and high resolution mass spectrometry were performed using the indicated techniques with either Waters LCT Premier XE or Waters TQD instruments equipped with an Acquity UPLC and a lock-mass electrospray ion source. For accurate mass measurements the deviation from the calculated formula is reported in mDa.
Multigram-Scale Flow Procedures
4-Hydroxy-6-methyl-2H-pyran-2-one (TAL, 1): Two solutions of 3-acetyl-4-hydroxy-6-methyl-2H-pyran-2-one (3) (2 M) were individually pumped at 4 mL/min into two parallel coil reactors (52 mL) heated at 130°C. The combined crude outflows fed, along with a stream of water (60 mL/min), a 100 mL Coflore® ATR reactor chamber cooled to 10°C. The resulting suspension was filtered and the pale yellow solid dried under vacuum obtaining the pure title compound 1 in 96 % yield, m.p. 185.6°C (dec.). 1-(4-Bromophenyl)-6-methyl-4-oxo-1,4-dihydropyridazine-3-carboxylic Acid (2): Two solutions pumped at 2.5 mL/min were mixed in a T-piece before entering in a coil reactor (20 mL) cooled to 10°C: one containing NaNO 2 0.4 M and the second containing 4-bromoaniline (0.33 M) solubilised in aqueous HCl (0.93 M). The outflow was combined with a stream of 1 (0.15 M) dissolved in K 2 CO 3(aq) (0.098 M) and pumped at 5 mL/min. The resulting mixture was reacted at room temperature in the first chamber of the ATR reactor. A second stream of K 2 CO 3(aq) (1.5 M) was thus injected in the reactor at 5 mL/min and main stream processed into eight 100 mL dynamically mixed pipes heated at 85°C. As the crude mixture enters the last reactor chamber it was mixed with a stream of toluene pumped at 15 mL/min. The biphasic solution that exited the reactor was separated. The water layer was acidified with HCl (37 %) and the suspension obtained filtered. The pale orange solid recovered was dried under reduced pressure obtaining the pure title compound 2 in 73 % yield, m.p. 214.0°C (dec.). 1 
6-Methyl-4-oxo-1-[3-(trifluoromethyl)phenyl]-1,4-dihydropyridazine-3-carboxylic Acid (9f):
General Procedure for the Preparation of B Series Derivatives 15-23:
To a suspension of 2 (500 mg, 1.62 mmol) in MeCN (6 mL), 1,1′-carbonyldiimidazole (1.9 mmol) was added and the mixture strirred at room temperature for 1 h. The appropriate amine (2.4 mmol) was thus added and crude reacted for additional 15 h at room temperature. For those reactions leading to a substantial precipitation of the desired product, the crude mixture was filtered. The solid was washed with MeCN (2 mL) and Et 2 O (2 × 4 mL) affording pure compounds 15-18, 20. The filtrate was dried under vacuum and the residue purified by flash chromatography (CH 2 Cl 2 / MeOH). Alternatively, in the case of negligible precipitation, the crude mixture was diluted with EtOAc (60 mL) and the organic washed with HCl (1 M, 25 mL), H 2 O (25 mL) and finally with brine (25 mL). The separated organic layer was treated with Na 2 SO 4 and dried under reduced pressure. Bromophenyl)-N-(2-ethylhexyl)-6-methyl-4-oxo-1,4- (3 g, 9. 3 mmol) in toluene (60 mL), Lawesson's reagent (3.75 g, 9.3 mmol) was added and the mixture stirred at room temperature for 1 h. The resulting orange suspension was filtered and the filtrate dried under vacuum. The residue was dissolved in CH 2 Cl 2 and filtered through a silica gel pad (CH 2 Cl 2 ) obtaining 2.93 g of pure title compound as a yellow powder, m.p. 166. 3-167.6°C (dec.) . 1 (8 mL) , the opportune hydrazine (2.4 mmol) was added and crude reacted under microwave irradiation at 150°C for 2 h. In the case when the hydrazine was in its hydrochloride salt form, DIPEA (3 mmol) was also added. The crude mixture was concentrated and the residue diluted with CH 2 Cl 2 (60 mL). The resulting solution was washed with HCl (1 M, 2 × 30 mL), water and brine. The separated organic layer was treated with Na 2 SO 4 and dried under reduced pressure. The residue was purified by flash chromatography eluting with CH 2 Cl 2 /MeOH (27a, 27b, 28a) or hexane/AcOEt (27c, 28b) affording pure compounds in yields ranging from 35 % to 58 %.
1-(4-
Method B:
To a 0°C cooled solution of 26 (200 mg, 0.66 mmol) in DMF (8 mL), NaH (60 % w/w in paraffin, 0.98 mmol) was added and the mixture stirred under N 2 atmosfere for 30 min. The appropriate bromo derivative was thus added at 0°C, the crude was slowly heated at 100°C and reacted at this temperature for additional 4 h. After cooling at room temperature the resulting solution was diluted with CH 2 Cl 2 (60 mL), washed with HCl (1 M, 4 × 40 mL), water and brine. The separated organic layer was treated with Na 2 SO 4 and dried under reduced pressure. The residue was purified by flash chromatography eluting with CH 2 Cl 2 /MeOH affording pure compounds in yields ranging from 32 % to 73 %. 
5-(4-
